Na v 1.7 sodium channels can amplify weak stimuli in neurons and act as threshold channels for firing action potentials. Neurotrophic factors and pro-nociceptive cytokines that are released during development and under pathological conditions activate mitogenactivated protein kinases (MAPKs). Previous studies have shown that MAPKs can transduce developmental or pathological signals by regulating transcription factors that initiate a gene expression response, a long-term effect, and directly modulate neuronal ion channels including sodium channels, thus acutely regulating dorsal root ganglion (DRG) neuron excitability. For example, neurotrophic growth factor activates (phosphorylates) ERK1/2 MAPK (pERK1/2) in DRG neurons, an effect that has been implicated in injury-induced hyperalgesia. However, the acute effects of pERK1/2 on sodium channels are not known. We have shown previously that activated p38 MAPK (pp38) directly phosphorylates Na v 1.6 and Na v 1.8 sodium channels and regulates their current densities without altering their gating properties. We now report that acute inhibition of pERK1/2 regulates resting membrane potential and firing properties of DRG neurons. We also show that pERK1 phosphorylates specific residues within L1 of Na v 1.7, inhibition of pERK1/2 causes a depolarizing shift of activation and fast inactivation of Na v 1.7 without altering current density, and mutation of these L1 phosphoacceptor sites abrogates the effect of pERK1/2 on this channel. Together, these data are consistent with direct phosphorylation and modulation of Na v 1.7 by pERK1/2, which unlike the modulation of Na v 1.6 and Na v 1.8 by pp38, regulates gating properties of this channel but not its current density and contributes to the effects of MAPKs on DRG neuron excitability.
Introduction
Na v 1.7 is a threshold voltage-gated sodium channel (Rush et al., 2007) that plays a significant role in inherited pain disorders (Dib-Hajj et al., 2007) . Mitogen-activated protein kinases (MAPKs) are transducers of cell signaling that have been implicated in neuronal responses to developmental cues and pathologies including pain (Ji and Strichartz, 2004; Ji et al., 2009 ). Recently, we have shown that Na v 1.7 and Na v 1.8 sodium channels and activated (phosphorylated) MAPKs (pERK1/2 and pp38), accumulate within blind-ending axons in painful human neuromas , in agreement with previous findings of pERK1/2 in proximal axons after axonal injury (Sheu et al., 2000; Agthong et al., 2006) . These data suggest possible modulation of these channels by MAPKs and is consistent with a pp38-dependent increase in current density of tetrodotoxinresistant sodium currents contributing to DRG neuron hyperexcitability after acute treatment with tumor necrosis factor-␣ or interleukin-1␤ (Jin and Gereau, 2006; Binshtok et al., 2008) . We have shown previously that pp38 directly phosphorylates Na v 1.6 (Wittmack et al., 2005) and Na v 1.8 (Hudmon et al., 2008) sodium channels and regulates their current densities. However, direct effects of pERK1/2 on voltage-gated sodium channels and DRG neuron firing are not well understood.
Activation of ERK1/2 by trophic factors in DRG neurons (Averill et al., 2001; Delcroix et al., 2003; Woodall et al., 2008) has been implicated in hyperalgesia (Ji et al., 1999; Dai et al., 2002; . Acute nerve growth factor (NGF) application depolarizes PC12 membrane potential in a sodium-dependent manner (Shimazu et al., 2005) , suggesting involvement of sodium conductances without de novo protein synthesis. Although Na v 1.2 and Na v 1.7 sodium channels are expressed in PC12 cells (Toledo-Aral et al., 1995) , Na v 1.2 is not detectable at significant levels in adult DRG neurons Black et al., 1996) , pointing to Na v 1.7 as a potential target of pERK1/2 in these neurons. However, molecular mechanisms underlying pERK1/2 putative effects on sodium channels are not known. pERK1/2 has been shown to phosphorylate Ca v 2.2 channels (Martin et al., 2006) and regulate calcium currents (I Ca2ϩ ) in DRG neurons (Fitzgerald and Dolphin, 1997; Fitzgerald, 2000; Woodall et al., 2008) . NGF-and glial cell line-derived neurotrophic factor (GDNF)-induced acute activation of pERK1/2 in DRG neurons appears to regulate I Ca2ϩ density (NGF and GDNF) and gating properties (NGF alone) in a developmentalspecific manner, which suggests a complex pERK1/2 regulation of calcium channels in these neurons. pERK1/2 also phosphorylates K v 4.2 (Adams et al., 2000) and reduces the A-type potassium current in hippocampal neurons (Yuan et al., 2002) . We report in this study that pERK1/2 regulates resting membrane potential and firing properties of adult DRG neurons. We also identify pERK1/2 phosphorylation sites within Na v 1.7 L1 and show that acute inhibition of pERK1/2 induces a depolarizing shift of activation and fast inactivation of Na v 1.7, without altering current density, and that this effect is abrogated by mutating pERK1/2 phosphoacceptor sites within L1 of the channel. Thus, unlike the pp38 effect on Na v 1.6 and Na v 1.8 current densities, pERK1/2 appears to specifically modulate gating properties of Na v 1.7, an effect that may contribute to the role of this channel in DRG neuron excitability.
Materials and Methods
Reagents. The rabbit polyclonal antibody against activated p44/42 MAPK (pERK1/2; Thr202/Tyr204) was purchased from Cell Signaling Technology. The mouse monoclonal antibody against total (nonphosphorylated and phosphorylated) ERK1/2 ( T ERK1/2) was purchased from Zymed, and the rabbit polyclonal antibody against T ERK1/2 was purchased from Sigma-Aldrich. Rabbit polyclonal Na v 1.7-specific antibody (Y083; 1:250; generated from the rat amino acid sequence 514 -532) has been described previously . The monoclonal antibody against PGP9.5 was purchased from Ultraclone. The secondary antibodies for Western blot analysis, anti-rabbit IgG and anti-mouse IgG, were purchased from Dako. The active ERK1 kinase was purchased from Millipore Corporation. The active MAP kinase kinase (MEK) inhibitor U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene] and its inactive analog U0124 [1,4-diamino-2,3-dicyano-1,4-bis(methylthio)butadiene] were purchased from Calbiochem. The [␥-32 P] ATP was purchased from PerkinElmer Life and Analytical Sciences.
DRG culture. The protocol for the care and sacrifice of rats used in the study was approved by the Veterans Administration Connecticut Healthcare system institutional animal care and use committee. Adult Sprague Dawley rats (1-2 months of age) were deeply anesthetized with ketamine/xylazine (80 and 10 mg/kg, i.p., respectively) and decapitated, L4 and L5 DRGs were quickly removed and desheathed, and DRG neurons were isolated using a protocol (Dib-Hajj et al., 2009b ) that was adapted from Rizzo et al. (1994) . Briefly, dissected ganglia were placed in ice-cold oxygenated complete saline solution (CSS) that contained the following (in mM): 137 NaCl, 5.3 KCl, 1 MgCl 2 , 25 sorbitol, 3 CaCl 2 , and 10 HEPES, pH 7.2. DRGs were then transferred to an oxygenated, 37°C CSS containing 1.5 mg/ml Collagenase A (Roche Applied Science) and 0.6 mM EDTA and incubated with gentle agitation at 37°C for 20 min. This solution was then exchanged with an oxygenated, 37°C CSS containing 1.5 mg/ml Collagenase D (Roche Applied Science), 0.6 mM EDTA, and 30 U/ml papain (Worthington Biochemical) and incubated with gentle agitation at 37°C for 20 min. The solution was then aspirated, and the ganglia were triturated in DRG media (DMEM/F-12 at 1:1) with 100 U/ml penicillin, 0.1 mg/ml streptomycin (Invitrogen), and 10% fetal calf serum (Hyclone), which contained 1.5 mg/ml bovine serum albumin (SigmaAldrich) and 1.5 mg/ml trypsin inhibitor (Roche Applied Science). Cells were then plated on poly-D-lysine/laminin-coated glass coverslips, flooded with DRG media after 30 min, and incubated at 37°C in a humidified 95% air-5% CO 2 incubator.
Immunohistochemistry. Rats were deeply anesthetized with ketamine/ xylazine (80 and 10 mg/kg, i.p., respectively) and perfused with 4% paraformaldehyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. L4 and L5 DRGs were harvested, rinsed in PBS, and cryoprotected overnight in 30% sucrose in PBS. Cryosections were incubated with rabbit polyclonal antibodies against T ERK1/2 (Sigma-Aldrich) and pERK1/2 (1:1000; Cell Signaling Technology) and monoclonal antibody against PGP9.5 (1:1000; Ultraclone). Secondary antibodies were goat anti-rabbit cyanine 3 and goat anti-mouse-Alexa Fluor 488 (1:1000). For DRG cultures and DRG tissue, coverslips were incubated sequentially in the following: (1) blocking solution (PBS with 5% normal goat serum, 1% bovine serum albumin, 0.1% Triton X-100, and 0.02% sodium azide) for 30 min, (2) primary antibodies, (3) PBS wash, (4) goat anti-rabbit IgG Alexa Fluor 546 and goat anti-mouse IgG Alexa Fluor 488, and (5) PBS wash. Sections were examined with a Zeiss LSM510META confocal microscope or Nikon E800 light microscope. Images were collected with LSM 510 or Meta-Vue (Molecular Devices) software and were arranged with Adobe Photoshop (Adobe Systems).
Immunostaining and image analysis for DRG culture. At designated times after treatments, DRG cultures were fixed with 4% paraformaldehyde, followed by ice-cold methanol. For examination of pERK1/2 and T ERK1/2 and Na v 1.7 expression, DRG cultures were blocked in 10% normal donkey serum/0.3% Triton X-100 and incubated with primary antibodies [mouse monoclonal T ERK1/2 (1:500; Zymed), rabbit polyclonal pERK1/2 (1:500; Cell Signaling Technology), or rabbit polyclonal Na v 1.7 (rabbit Y083; 1:250)]. The cells were then washed with PBS and incubated in secondary antibodies (donkey anti-mouse, Alexa Fluor 488; donkey anti-rabbit, Alexa Fluor 555). After washing, coverslips were mounted with anti-fade Gelmount (BioMeda). Images were taken using a Zeiss LSM 510 confocal microscope. The intensity of pERK1/2 signal in small DRG neurons (diameter of ϳ20 m) was quantitated using Zeiss LSM 510 image program (histogram analysis function). Briefly, an indicator line was drawn across the full diameter of the cell of interest to identify cell size and cover region for analysis. Mean pixel intensity (from 0 to 255) across the cell was calculated and presented in a histogram table. For analysis of increased numbers of DRG neurons with pERK1/2 activation after treatment with neurotrophic factors, we measured the intensity of the fluorescence in the green channel ( T ERK1/2) and in the red channel (pERK1/2). We considered cells positive for either T ERK1/2 (green) or pERK1/2 (red), a fluorescence intensity that was Ն2.5ϫ the average intensity of cells deemed negative by visual inspection [fluorescence intensity, Յ50 arbitrary units (AU)]. The fraction of green fluorescent cells (Ն150 AU green) that manifested red fluorescence (Ն150 AU red) represents small/medium DRG neurons with pERK1/2. For analysis of increased pERK1/2 intensity after treatment with neurotrophic factors, an average of red fluorescence intensity of 20 randomly selected small DRG neurons were measured for each condition.
Plasmids and HEK 293 cell transfections. The plasmid carrying the TTX-resistant (TTX-R) version of human Na v 1.7 cDNA (hNa v 1.7 R ) was described previously (Herzog et al., 2003) . Human embryonic kidney cells (HEK 293) were transfected with channel constructs and ␤1 and ␤2 subunits (Lossin et al., 2002 ) using Lipofectamine 2000 . Transfected HEK 293 cells were grown under standard culture conditions (5% CO 2 , 37°C) in 50% DMEM/50% F-12 supplemented with 10% fetal bovine serum.
For fusion protein production, DNA inserts encoding the N and C termini and the loops joining domains I and II (L1), domains II and III (L2), and domains III and IV (L3) were amplified by PCR using the Na v 1.7 plasmid as a template and subcloned into the BamHI-EcoRI (for the N and C termini and L3) and the BamHI-SmaI (L2) sites of pGEX (GE Healthcare), whereas L1 was subcloned into the Nde1-Sap1 sites of pTXB1 plasmid (New England Biolabs). The plasmids are designated pGEX-Na v 1.7-N (amino acids 1-121), pTXB1-Na v 1.7-L1 (amino acids 405-718), pGEX-Na v 1.7-L2 (amino acids 959 -1175), pGEX-Na v 1.7-L3 (amino acids 1446 -1499), and pGEX-Na v 1.7-C (amino acids 1749 -1977) . The C-terminal fusion of Intein to Na v 1.7-L1 sequence (pTXB1-Na v 1.7-L1 construct) resulted in a more stable fusion protein in bacteria compared with N-terminus fusion to glutathione S-transferase (GST) (data not shown). Amino acid substitutions were introduced using QuikChange XL site-directed mutagenesis reagents (Stratagene). The identity of all constructs was confirmed by sequencing the inserts (Howard Hughes Medical Institute/Keck Biotechnology Resource Laboratory at Yale University).
Recombinant protein expression and purification. BL21 Rosetta competent cells (Novagen) were transformed with constructs encoding the GST-tag or Intein-tag fusion proteins and grown in the presence of ampicillin (100 g/ml) and Chloramphenicol (34 g/ml). Large-scale growths were inoculated using an overnight starter culture (1:100) and grown to an OD 595 of 0.6 at 37°C in 2XYT media. Cell cultures were chilled on ice to reach 20°C, 0.5 mM isopropyl-D-thiogalactoside was added to the culture to induce recombinant protein synthesis, and the cells were then incubated with shaking for 4 h at 27°C for the GST fusion proteins and overnight at 12°C for the Intein fusion proteins. Bacterial pellets were collected by centrifugation at 6000 ϫ g for 10 min at 4°C, washed in ice-cold PBS, and frozen at Ϫ80°C. Frozen bacterial pellets were resuspended in 20 ml of ice-cold lysis buffer [10 mM Tris, pH 8, 0.1 mM EDTA, 300 mM NaCl, 0.5% Triton X-100 supplemented with protease inhibitor mixture minus EDTA (Roche)]. Lysed cells were sonicated and incubated at 4°C for 30 min and then centrifuged at 12,000 ϫ g for 20 min at 4°C. Supernatants with soluble GST fusion proteins were applied to glutathione-Sepharose beads (Invitrogen) for 2 h at 4°C. Supernatants with Intein fusion proteins were applied to Chitin Beads (New England Biolabs) overnight at 4°C. The columns were washed with 10 bed column volume of lysis buffer. GST fusion proteins were eluted with 20 mM glutathione. For Intein fusion protein purification, Chitin beads were incubated for 168 h in cleavage buffer (100 mM Tris, 300 mM NaCl, 2 M urea, 100 mM DTT, and 0.1% Tween 20), and proteins were eluted in the same buffer. Intein fusion proteins were desalted using PD10 columns (GE Healthcare) and concentrated using Amicon Ultra 4 concentrators (Millipore Corporation). Purified proteins were quantified using Bradford assay (BSA as standard), and equal proteins levels were visually inspected using Coomassie blue staining.
pERK1/2 kinase assay. Kinase reactions were performed in 100 l when proteins were bound to the beads or 50 l when soluble proteins were used and contained 20 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), 25 mM ␤-glycerophosphate, 5 mM EGTA, 75 mM MgCl 2 , 0.25 mM ATP, and 10 Ci of [␥- 32 P]ATP. The reaction mixture was warmed to 30°C for 2 min before the addition of 250 ng of pERK1. The reaction was allowed to proceed for an additional 10 min. The kinase reactions were terminated with 5 vol (1 ml) of PBS (0.14 M NaCl, 0.0027 M KCl, and 0.10 M phosphate buffer, pH 7.4) containing 20 mM EDTA. When proteins on beads were used as substrates, beads were collected by centrifugation and washed three times in PBS plus EDTA, and proteins were released from the beads using 2ϫ lithium dodecyl sulfate-PAGE sample buffer (Invitrogen) and loaded on gels. For the gel analysis, 20 l of samples was loaded and run on NUPAGE Bis-Tris 10% SDS-PAGE gel (Invitrogen). Gels were stained with Coomassie blue, destained, and placed in water for 24 h before drying. The dried gel was exposed to a Kodak x-ray film (Invitrogen) to visualize the phosphorylated bands by autoradiography, individual bands were then cut, and incorporated [ 32 P]ATP was measured by Cerenkov count in a scintillation counter.
Western blot and autoradiography. DRG or HEK 293 cells were grown under standard conditions and were untreated or treated with U0126 (ERK1/2 phosphorylation inhibitor), U0124 (inactive analog), NGF, or GDNF. Cells were then washed twice with PBS and resuspended in a MOPS-based buffer system as a sample buffer. Proteins were separated on NUPAGE Bis-Tris 4 -12% gels (Invitrogen) and were processed on gels using MES as the running buffer (Invitrogen). Proteins were transferred to nitrocellulose membranes for 1 h at 30 V using the XCell II system (Invitrogen) and blocked overnight in TBST/10% nonfat milk buffer. The membrane was washed in TBST (Tris-buffered saline plus 0.1% Tween 20) four times for 5 min each after primary and secondary antibody incubations. Chemiluminescent detection was performed using Lightening Plus (PerkinElmer Life and Analytical Sciences) and detected on Biomax MR Kodak film. Gels for autoradiography were first stained with Coomassie blue, and the intensity of protein bands was measured to determine whether comparable levels of fusion proteins were used in the kinase assays.
Electrophysiological recordings. Whole-cell current-clamp recordings from small-diameter (20 -27 m) DRG neurons were obtained at room temperature between 16 and 30 h after plating, using the MultiClamp 700B amplifier and the Digidata 1440A interface. Micropipettes with resistances from 1 to 2 M⍀ were pulled from a capillary glass (PG10165-4; WPI) using the P97 puller (Sutter Instruments) and polished on a microforge. Pipette tips were wrapped with Parafilm to diminish pipette capacitance. The internal solution contained the following (in mM): 140 KCl, 1 EGTA, 10 NaCl, 2 Mg-ATP, and 10 HEPES, pH 7.3 (adjusted to 310 mOsm/L with sucrose). The external solution contained the following (in mM): 140 NaCl, 3 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 dextrose, and 10 HEPES, pH 7.3 (adjusted to 315 mOsm/L with sucrose). Pipette potentials were adjusted to zero before seal formation, and liquid junction potentials were not corrected. Whole-cell configuration was obtained by adjusting pipette capacitance neutralization and bridge balance automatically in current-clamp mode. Action potentials were filtered at 10 kHz and acquired at 100 kHz, using Clampex 10.2 software (Molecular Devices). Cells with stable resting membrane potentials more negative than Ϫ40 mV were used for data analysis.
Wild-type (WT) hNa v 1.7 R channels (Herzog et al., 2003) were cotransfected together with the human ␤1 and ␤2 subunits (Lossin et al., 2002) into HEK 293 cells using Lipofectamine 2000, and currents were recorded 24 -36 h later. Whole-cell voltage-clamp recordings were obtained at room temperature (21-23°C) with Axopatch 200B amplifiers (Molecular Devices) using the following solutions: internal (in mM), 140 CsF, 1 EGTA, 10 NaCl, and 10 HEPES, pH 7.3 (adjusted to 310 mOsm/L with sucrose); external (in mM), 140 NaCl, 3 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 glucose, and 20 HEPES, pH 7.3 (adjusted to 320 mOsm/L with sucrose). Micropipettes (0.6 -0.9 M⍀) were pulled from capillary glass (PG10165-4; WPI) with a Flaming Brown P80 micropipette puller (Sutter Instruments). The pipette potential was zeroed before seal formation; voltages were not corrected for liquid junction potential, and voltage errors were minimized using 90% series resistance compensation. Recordings were started 4 -5 min after establishing whole-cell configuration to allow currents to stabilize. Currents were elicited from a holding potential of Ϫ120 mV, filtered at 5 kHz, and acquired at 50 kHz using pClamp 8.2 software. Only cells with series resistance Ͻ2 M⍀ were studied.
Electrophysiological protocols and data analysis. A stock solution of the active MEK inhibitor U0126 (Calbiochem) and the inactive analog U0124 (Calbiochem) were prepared in DMSO and added to the culture media and the recording chamber to produce a final concentration of 10 M in 0.1% DMSO. To inactivate ERK1/2, transfected HEK293 cells were pretreated with 10 M U0126 for 20 min; the inactive analog U0124 was used in control experiments. The media was then replaced with the bath solution in the presence of 10 M U0126 or its inactive analog U0124, and electrophysiological recordings were performed.
Statistics. Except when otherwise indicated, Student's unpaired t test was used with the criterion for statistical significance set at 0.05. For multigroup statistical analysis, the F statistic associated with ANOVA was used to test the null hypothesis of no differences between experimental conditions, and a post hoc Tukey's test was conducted to examine significance at the level of 0.05. Descriptive data are presented as mean Ϯ SEM. The ANOVA and post hoc analyses and Student's t test were conducted using Origin7.5 (Microcal).
Results
ERK1/2 MAP kinases are coexpressed with Na v 1.7 sodium channel in small DRG neurons To investigate the possible modulation of Na v 1.7 by ERK1/2, we first examined the expression of ERK1/2 in DRG neurons. Immunostaining of rat DRG sections (Fig. 1 A) with anti-T ERK1/2 antibody demonstrated that T ERK1/2 (red) was expressed in small-and medium-sized PGP9.5-positve (neuronal marker) DRG neurons (green). T ERK1/2 immunostaining was generally not observed in large DRG neurons. We also examined the colocalization of Na v 1.7 and T ERK1/2 in DRG neurons in culture. Figure 1 B shows that Na v 1.7-specific immunolabeling (red) colocalizes with immunolabeling of T ERK1/2 in adult rat small-and medium-sized DRG neurons. Thus, we hypothesized that pERK1/2 may modulate Na v 1.7 sodium channels and influence neuronal firing in small DRG neurons.
NGF and GDNF activate ERK1/2 in cultured DRG neurons
We investigated the effect of acute treatment of DRG neurons with neurotrophic factors on ERK1/2 activation. Adult rat DRG neurons maintained in culture overnight were treated with neu-rotrophic factors, NGF and GDNF, and ERK1/2 activation was measured by antipERK1/2-specific immunostaining. Figure 2 shows DRG neurons in culture for 24 h that have been acutely treated with NGF (50 ng/ml) or GDNF (50 ng/ml) for 30 min. ERK1/2 activation was assessed by immunostaining (Fig. 2 A) using a rabbit polyclonal anti-pERK1/2-specific antibody. The number of DRG neurons with a signal intensity of pERK1/2 above a threshold (2.5ϫ intensity of background signal under control conditions) increased from 2% in control to 19% after GDNF treatment and 34% after NGF treatment. Quantitation of the immunostaining signal (Fig. 2 B) shows an increase of pERK1/2 in small DRG neurons (Ն20 m) 30 min after treatment with NGF (95.8 Ϯ 16 AU) and GDNF (77.3 Ϯ 13 AU) compared with control (33.5 Ϯ 2 AU). Thus, both the number of cells with pERK1/2 and the level of pERK1/2-immunoreactive signal are increased after acute treatment with the neurotrophic factors. Neurotrophic factor activation of ERK1/2 in DRG cultures was also confirmed by Western blot analysis (Fig. 2C) . The apparently greater increase in pERK1/2-immunoreactive signal on the Western blot (Fig. 2C ) compared with that determined by measuring this signal by immunocytochemistry (Fig. 2 B) is likely attributable to the contribution of pERK1/2 signal from Schwann and supporting cells in the culture to the signal on the Western blot.
pERK1/2 inhibition decrease excitability in DRG neurons in culture
We investigated the effect of pERK1/2 on action potential firing properties of DRG neurons. DRG cells were treated overnight with NGF (50 ng/ml) and GDNF (50 ng/ml) to maintain ion channel conductances that permit studying firing of action potentials in the current-clamp mode Rush et al., 2006; Cummins et al., 2009 ). The protocol for acute isolation and short-term culture of DRG neurons has been shown to activate p38 MAPK, whereas allowing the cultures to incubate overnight reduces pp38 to background levels (Hudmon et al., 2008) . Additionally, ERK1/2 is constitutively activated under normal DRG culture conditions (Fig. 2, control panel) . Therefore, ERK1/2 activation was acutely inhibited by treatment with the MEK inhibitor U0126, and firing properties of treated DRG neurons were investigated using current-clamp recordings.
On the morning of the recording sessions, DRG cultures were acutely (20 min) treated with U0126 (10 M) or with its inactive analog U0124 (10 M). Quantitation of the pERK1/2 immunostaining signal in Figure 3A shows an approximately fivefold decrease in the pERK1/2 signal intensity within small DRG neurons after treatment with U0126 (U0124, 127.2 Ϯ 15.0 AU; U0126, 26.4 Ϯ 3.0 AU; p Ͻ 0.01); immunolabeling of pERK1/2 (red) is strongly decreased after 20 min incubation with the active inhibitor U0126, whereas T ERK1/2 signal (green) does not change. Western blot analysis (Fig. 3B) shows total loss of pERK1/2 signal in sister cultures but no effect on T ERK1/2 signal (signal from neuron and non-neuronal cells) after 20 min treatment with U0126, confirming the immunostaining results.
To investigate whether the inhibition of pERK1/2 influences DRG neuron excitability, whole-cell current-clamp recordings were performed in small (20 -27 m diameter) DRG neurons after incubation for 20 min with U0124 (inactive) or U0126 (active) ERK1/2 activation inhibitor. Cell capacitance and input resistance of DRG neurons treated with U0124 (24.1 Ϯ 2.4 pF, 768.5 Ϯ 138.9 M⍀, n ϭ 20) were not significantly different ( p Ͼ 0.05) from those treated with U0126 (24.0 Ϯ 1.6 pF, 581.0 Ϯ 72.6 M⍀, n ϭ 20). However, the resting membrane potential of DRG neurons treated with U0126 (Ϫ69.3 Ϯ 1.8 mV, p Ͻ 0.005) was significantly more hyperpolarized compared with that of neurons treated with U0124 (Ϫ61.4 Ϯ 1.1 mV).
Although it is expected that pERK1/2 can act on multiple ion conductances, modulation of Na v 1.7 would be predicted to affect threshold for single action potentials and firing frequency because this channel has been reported to act as a threshold channel in DRG neurons (Dib-Hajj et al., 2007 , 2009a Rush et al., 2007) . When DRG neurons were stimulated by 0.5 ms step current injection from their resting membrane potentials, current threshold of single action potential in the presence of U0126 (3.2 Ϯ 0.3 nA) was significantly higher ( p Ͻ 0.01) than in the presence of U0124 (2.1 Ϯ 0.3 nA). The peak amplitudes (50.6 Ϯ 1.0 mV for U0124; 46.7 Ϯ 2.2 mV for U0126) and voltage threshold (Ϫ33.6 Ϯ 1.3 mV for U0124; Ϫ31.1 Ϯ 1.8 mV for U0126) for action potentials in cells treated with the active and inactive ERK1/2 inhibitor were not significantly different ( p Ͼ 0.05).
Because Na v 1.7 is known to produce a current in response to a ramp stimulus, thus amplifying weak stimuli (Cummins et al., 1998; Rush et al., 2007) , we compared the firing frequency in DRG neurons treated with U0124 or U0126 by applying 1 s ramp current injection from 0.5 to 2 nA, in 0.5 nA increments (0.5-2 nA/s). Figure 4 A shows responses of representative DRG neurons to 1.0 and 1.5 nA ramp stimuli in the presence of the inactive inhibitor U0124 (left column) or the active inhibitor U0126 and shows that cells treated with U0126 fire reduced number of action potentials compared with cells treated with U0124. For all DRG neurons in this set of recordings, the number of action potentials ( Fig. 4 B) was significantly ( p Ͻ 0.01) lower for DRG neurons treated with U0126 at every stimulus level (0.9 Ϯ 0.8 at 0.5 nA; 1.9 Ϯ 0.8 at 1 nA; 2.6 Ϯ 0.8 at 1.5 nA; 2.6 Ϯ 0.7 at 2 nA) compared with U0124 (11.8 Ϯ 3.4 at 0.5 nA; 13.6 Ϯ 3.1 at 1 nA; 13.1 Ϯ 2.6 at 1.5 nA; 12.0 Ϯ 2.5 at 2 nA). The reported reduction of voltage-gated calcium currents attributable to inhibition of pERK1/2 (Fitzgerald and Dolphin, 1997; Fitzgerald, 2000) may contribute to the reduced firing frequency in DRG neurons treated with U0126. To ascertain the effect of pERK1/2 on sodium conductances, we measured the time-to-first action potential peak, which is less likely to be affected by ion channels such as calcium channels (Renganathan et al., 2001) . The time-to-first peak is increased in DRG neurons treated with U0126 compared with U0124 (Fig. 4C) . Thus, inhibition of pERK1/2 by U0126 reduces excitability in DRG neurons in response to ramp stimuli, consistent with a possible effect on Na v 1.7, and suggests that Na v 1.7 may be a substrate for modulation by pERK1/2. ERK1/2 inhibition alters gating of Na v 1.7 sodium channel To investigate whether pERK1/2 specifically modulates Na v 1.7 currents, we inhibited ERK1/2 activation acutely in HEK 293 cells transfected with Na v 1.7 channels. We show that, similar to DRG neurons, HEK 293 cells grown under normal culture conditions show constitutively activated ERK1/2 [ Fig. 5A , control (CTL) lane]. Figure 5A shows that 20 min treatment with U0126 (active inhibitor) causes a strong reduction of ERK1/2 activation compared with treatment with the control, inactive analog U0124. Thus, we replicated these conditions in HEK 293 cells transfected with Na v 1.7 channels to study the effect of pERK1/2 inhibition on Na v 1.7 current properties using whole-cell voltageclamp recordings.
HEK 293 cells were cotransfected with hNa v 1.7, h␤1 and h␤2 constructs, treated on the day of recording with either 10 M U0124 or 10 M U0126 for 20 min in culture media, and then transferred to the recording bath solution that included the same compounds. Data were collected 4 -5 min after establishing whole-cell configuration to ensure stable currents, and the coverslip was replaced with another coverslip after 40 min of recordings. Figure 5B shows representative families of hNa v 1.7 currents recorded in the presence of U0124 (left) or U0126 (right) in the bath solution. Although the average current amplitudes were not changed (422 Ϯ 50 pA/pF for U0124, n ϭ 14; 407 Ϯ 89 pA/pF for U0126, n ϭ 13), the voltage dependence for both activation and steady-state fast inactivation of hNa v 1.7 channels in the presence of U0126 were significantly shifted in the depolarized direction ( p Ͻ 0.05) compared with those in the presence of U0124 (Fig. 5C) . The I-V data were converted to conductances and were fitted by Boltzmann distribution equations. The voltage-dependent activation curves in the presence of U0126 (V 1/2 ϭ Ϫ20.9 Ϯ 1.8 mV, k ϭ 7.8 Ϯ 0.4 mV) were significantly depolarized by ϳ7 mV ( p Ͻ 0.05) compared with curves obtained in the presence of U0124 (V 1/2 ϭ Ϫ27.5 Ϯ 1.8 mV, k ϭ 7.0 Ϯ 0.4 mV), without a significant change in the slope factor. The voltage dependence of steadystate fast inactivation in the presence of U0126 (V 1/2 ϭ Ϫ81.0 Ϯ 1.7 mV, k ϭ 7.2 Ϯ 0.3 mV) was also significantly depolarized by ϳ5 mV ( p Ͻ 0.05) and the slope was shallower compared with curves obtained with U0124 (V 1/2 ϭ Ϫ85.8 Ϯ 1.4 mV, k ϭ 6.4 Ϯ 0.1 mV). We also tested the effect of pERK1/2 on slow inactivation of hNa v 1.7. Slow inactivation was elicited by 30 s prepulses at various voltages ranging from Ϫ130 to 10 mV, in 10 mV increments, followed by a brief hyperpolarizing pulse to Ϫ120 mV for 100 ms to recover from fast-inactivation, followed by a test pulse to 0 mV to determine available channels. The voltage dependence of steady-state slow inactivation in the presence of U0126 (V 1/2 ϭ Ϫ66.7 Ϯ 2.2 mV, k ϭ 12.2 Ϯ 0.2 mV, n ϭ 12) was not significantly different from that in the presence of U0124 (V 1/2 ϭ Ϫ69.8 Ϯ 2.2 mV, k ϭ 13.0 Ϯ 0.4 mV, n ϭ 12). (24 h). In the morning, DRG neurons were treated for 30 min with NGF (50 g/ml) or GDNF (50 g/ml), and levels of T ERK1/2 and pERK1/2 were examined using anti-T ERK1/2 (green) and anti-pERK1/2 (red). Scale bar, 50 m. T ERK1/2 signal is present in DRG neurons in culture, and a 20 min treatment with NGF or GDNF increases the signal of pERK1/2 (merged image). B, Histogram showing pERK1/2 expression level for each culture condition. Treatment with NGF or GDNF elicits a significant increase of pERK1/2 compared with the control condition (CTL). Data are mean Ϯ SEM. *p Ͻ 0.05, Student's t test. C, Western blot using anti-pERK1/2 antibody to assess activation of ERK1/2 in DRG neurons in culture after 30 min treatment with NGF (50 g/ml) or GDNF (50 g/ml). Basal levels of pERK1/2 are detected in these cultures (which contain Schwann cells and fibroblasts in addition to neurons), and levels of pERK1/2 are increased acutely by the presence of NGF or GDNF in the culture media.
The first intracellular loop of the sodium channel Na v 1.7 is phosphorylated by pERK1
The voltage-clamp recordings suggest that pERK1/2 can modulate voltagedependent properties of the Na v 1.7 channel, which, given the short preincubation time, suggests that this action occurs through fast posttranslational effects on the channel. Nevertheless, these data do not demonstrate a direct effect on the channel by phosphorylation of specific channel residues. Sequence analysis of Na v 1.7, however, shows the presence of several S/TP dipeptide motifs that may act as phosphoacceptor sites for pERK1/2: N terminus (three sites); L1 (four sites); and C terminus (three sites).
To determine whether any of the major intracellular fragments of Na v 1.7 are substrates for pERK1/2, fusion proteins of these regions were produced in Escherichia coli, purified on affinity columns, and tested by in vitro kinase assays. The N, L2, L3, and C intracellular regions were produced as GST fusion proteins. The L1 intracellular region was produced as an Intein-tag fusion protein. All channel fragments were tested to guard against the presence of non-canonical phosphorylation sites in these fragments. Equal samples of purified proteins (Fig. 6 B, top, Coomassie blue-stained strips) were incubated with pERK1 in the presence of [␥- 32 P]ATP to determine whether they are phosphorylation substrates for this enzyme. The autoradiogram (ARG) in Figure 6 B shows that L1 is the only substrate for pERK1. Quantitation of the phosphorylation signal by Cerenkov counts (Fig. 6C) shows significantly greater 32 P incorporation into L1 (2103 Ϯ 600 cpm) compared with the other fragment: N terminal (443 Ϯ 134 cpm; note, however, lack of a signal on the ARG), L2 (82 Ϯ 33 cpm), L3 (47 Ϯ 8 cpm), C terminal (44 Ϯ 3 cpm), or control GST (34 Ϯ 5 cpm) and intein (30 Ϯ 7 cpm). Statistical analysis using ANOVA and post hoc Tukey's test show that L1 is a good substrate for pERK1 compared with the other intracellular polypeptides ( p Ͻ 0.01, Tukey's test, n ϭ 3).
Na v 1.7 L1 is phosphorylated at multiple sites
We evaluated the contribution of the four putative phosphoacceptor sites within L1 (Fig. 7A ): threonine 531 (T531), serine 535 (S535), S608, and S712. We mutated each of these putative phosphorylation sites individually to the nonphosphorylatable amino acid alanine (Fig. 7B ) and tested the ability of pERK1 to phosphorylate the mutant L1. The Coomassie blue staining profile shows that equal amounts of WT L1 and its mutant derivatives are used in these kinase assays. Figure 7C shows that the mutants T531A, S535A, and S608A are less efficient pERK1 substrates compared with WT. To better understand the contribution of each residue and compare the results from multiple experiments, we expressed the results as a percentage of the WT. The histogram in Figure 7D shows reduced phosphorylation for all mutants except S712A: 54 Ϯ 6% (T531A), 71.5 Ϯ 8% (S535A), 68 Ϯ 3% (S608A), 108 Ϯ 4% (S712A), and 5 Ϯ 2 for Intein (the fusion tag for L1). These results show that phosphorylation of T531, S535, and S608 contribute to the total phosphorylation states of L1 of Na v 1.7 by in vitro kinase assay.
Because individual phosphorylation sites within the fulllength channel may have an impact on channel properties that is not reflected by the extent of their contribution to the phosphorylation signal in an in vitro kinase assay using a fragment of the channel as a fusion protein substrate, we substituted each of the four phosphorylation sites individually with alanine and tested the effect on the gating properties of the mutant Na v 1.7 channel. Voltage-clamp recordings showed that no single mutation produced a significant change on the effect of pERK1/2 inhibition on Na v 1.7 voltage dependence of activation and fast inactivation in transfected HEK 293 cells (data not shown), consistent with the view that there is no one dominant site, or a preferred order of phosphorylation is required, among these three sites. Therefore, we reasoned that phosphorylation of multiple sites is required for pERK1/2 to alter Na v 1.7 gating properties. showing the effect of treatment with U0124 (10 M) or U0126 (10 M) on ERK1/2 activation in HEK 293 cells transiently transfected with hNa v 1.7 together with ␤1 and ␤2 subunits. At 24 -36 h after transfection, HEK 293 cells were incubated with 10 M of the drug for 20 min at 37°C. Cells were then washed with ice-cold PBS, lysed, and resuspended in 2ϫ sample buffer. Untreated [control (CTL)] or U0124-treated cells show pERK1/2 signal, whereas treatment with U0126 abolishes the pERK1/2 signal. B, Representative sodium current traces were recorded from HEK 293 cells transiently expressing hNav1.7 channels together with h␤1 and h␤2. Cells were treated with either U0124 or U0126 for 20 min before recording. Peak hNav1.7 current amplitude was comparable in cells treated with U0124 (n ϭ 14) or U0126 (n ϭ 13). C, For activation (right curves), whole-cell Na ϩ currents were elicited by 50 ms test pulses to potentials between Ϫ80 and ϩ40 mV in steps of 5 mV from a holding potential of Ϫ120 mV. For steady-state fast inactivation (left curves), currents were elicited with test pulses to Ϫ10 mV after 500 ms conditioning pulses. The V 1/2 for activation and steady-state fast inactivation were measured from curves that were fitted by Boltzmann distribution equations. For activation, V 1/2,Act ϭ Ϫ27.5 Ϯ 1.8 mV and k ϭ 7.0 Ϯ 0.4 mV for U0124 (f; n ϭ 14); V 1/2,Act ϭϪ20.9 Ϯ 1.8 mV and k ϭ 7.8 Ϯ 0.4 mV for U0126 (F; n ϭ 13). For steady-state fast inactivation, V 1/2,Fast ϭ Ϫ85.8 Ϯ 1.4 mV and k ϭ 6.4 Ϯ 0.1 mV for U0124; V 1/2,Fast ϭ Ϫ81.0 Ϯ 1.7 mV and k ϭ 7.2 Ϯ 0.3 mV for U0126. Both activation and steady-state fast inactivation curves for the cells pretreated with U0126 were significantly different from those for U0124 ( p Ͻ 0.05). Triple-site substitution is required to abrogate phosphorylation of Na v 1.7 L1 in vitro Based on the data from single-site substitutions in L1 (Fig. 6) , we generated several different mutant combinations (Fig. 8 A) : T531A/S608A (TASA), S535A/S608A (SASA), T531A/S535A/ S608A (3MUT1), and T531A/S608A/S712A (3MUT2). Equal amounts of WT L1 and mutant derivatives were used in the in vitro kinase assay (Fig. 8 B, Coomassie panel) . The ARG panel in Figure 8 B shows that the combination of two substitutions (TASA and SASA) significantly reduces the phosphorylation signal, whereas the triple substitutions reduce the signal to background levels. Compared with WT, the percentages of phosphorylation for mutant derivatives are as follows: 27 Ϯ 3% (TASA), 25 Ϯ 5% (SASA), 2 Ϯ 0.5% (3MUT1), 2 Ϯ 0.4% (3MUT2), and 1 Ϯ 0.2% (Intein fusion tag). Interestingly, these results show that, despite the absence of a decrease of phosphorylation for S712A individually, its inclusion in a triple mutant further reduced the phosphorylation signal (compare phosphorylation of TASA with 3MUT2). These data suggest that phosphorylation of individual sites may enhance the phosphorylation of other sites, although there does not appear to be a dominant order for phosphorylation of individual sites. (T 531 S 608 S 712 /AAA)] that were tested as substrates for pERK1. B, Comparable amounts of WT and mutant fusion proteins, as determined by Coomassie blue staining (top), were used in the kinase assay. ARG shows that TASA and SASA are substrates for pERK1, whereas both triple mutants 3MUT1 and 3MUT2 are no longer phosphorylated by pERK1, indicating that they contribute to the total phosphorylation of L1 (bottom). C, The [ 32 P]ATP incorporation into WT L1 was corrected by the intensity of Coomassie blue staining of the band (top) and was set as 100% to measure the relative efficiency of several double-and triple-mutant derivatives as pERK1 substrates. Histogram of the corrected [ 32 P]ATP incorporation (Cerenkov count/Coomassie blue intensity) shows significant decrease for TASA and SASA mutant proteins, whereas 3MUT1 and 3MUT2 triple-mutant proteins reach only background levels (same as the control Intein tag), indicating that S712 may contribute to phosphorylation of L1. *p Ͻ 0.05. Data are expressed as mean Ϯ SEM; n ϭ 3.
Multiple phosphorylation sites are required for modulation of Na v 1.7 by pERK1/2 We tested one of the double mutations (T531A/S608A), which showed loss of 63% of phosphorylation signal compared with WT ( Fig. 8C) , for the effect on pERK1/2 modulation of the voltage dependence of activation and steady-state fast inactivation of Na v 1.7. Although the shift of steady-state fast inactivation of the double-mutant channel by U0126 disappeared (V 1/2 ϭ Ϫ84.8 Ϯ 0.8 mV for U0124; V 1/2 ϭ Ϫ83.6 Ϯ 0.9 mV for U0126), the shift of activation was reduced but not eliminated (V 1/2 ϭ Ϫ24.9 Ϯ 1.2 mV for U0124; V 1/2 ϭ Ϫ21.5 Ϯ 0.7 mV for U0126), indicating that other phosphorylation sites contribute to pERK1/2 modulation of Na v 1.7. Therefore, we tested the effect of the two triple mutants (3MUT1 and 3MUT2) on pERK1/2 modulation of Na v 1.7; these triple mutations reduced phosphorylation by pERK1 in vitro to background levels (Fig. 8C) . The data (Table 1) show that V 1/2 for activation and fast inactivation are shifted in a depolarized direction in the triple mutant channels compared with WT channels. To determine whether pERK1/2 can alter gating properties of these triple-mutant channels, we also examined the effects of inhibiting pERK1/2 and observed that treatment with U0126 has no significant effect on the V 1/2 of activation and fast inactivation of 3MUT1 and 3MUT2 channels.
Discussion
Human studies have shown that Na v 1.7 is central to pain signaling, with gain-of-function mutations causing painful syndromes and loss-of-function mutations causing congenital insensitivity to pain (Cox et al., 2006; Fertleman et al., 2006; Dib-Hajj et al., 2007) . Additionally, animal studies have shown that inflammation increases Na v 1.7 levels that are paralleled by an increase in the TTX-sensitive current density in DRG neurons (Black et al., 2004) and have demonstrated that ERK1/2 are activated in DRG neurons in response to neurotrophic factors and proinflammatory cytokines . We report in this study that inhibition of ERK1/2 alters firing properties of DRG neurons and show that Na v 1.7 sodium channels are modulated in a manner that is predicted to contribute to pERK1/2 regulation of action potential firing in DRG neurons. Inhibition of pERK1/2 shifts activation and steady-state fast inactivation of Na v 1.7 channels in a depolarized direction, indicating that pERK1/2 has the reverse effect, i.e., making it easier to open this channel in response to weak stimuli. We further show that pERK1/2-mediated regulation of Na v 1.7 requires phosphorylation of multiple sites within L1 of the channel that have been shown to be phosphorylated by pERK1/2 in vitro, suggesting a direct phosphorylation of the channel by pERK1/2. Our data demonstrate a physiological link of two important molecules, ERK1/2 and Na v 1.7, that regulate electrogenesis in DRG neurons under normal and pathological conditions.
We have shown in this study that pERK1/2 inhibition produces a hyperpolarized shift in resting membrane potential, increases the threshold for action potential firing, and reduces firing frequency of small DRG neurons, consistent with an effect on voltage-gated ion channels. pERK1/2 is known to reduce voltage-gated potassium conductance (Yuan et al., 2002) and increase voltage-gated calcium conductance (Fitzgerald, 2000 (Fitzgerald, , 2002 Woodall et al., 2008) , but, until now, its effect on voltagegated sodium conductance was not known. Voltage-gated calcium channels in sensory neurons are tonically upregulated via Ras/ERK1/2 signaling, and this process requires a Ca v ␤ subunit but does not depend on the particular Ca v ␤ isoform (Fitzgerald, 2000 (Fitzgerald, , 2002 . The neuronal Ca v 2.2 is directly phosphorylated at two phosphoacceptor sites, S 409 P and PGS 449 P within L1 of the channel (Martin et al., 2006) . Inhibition of pERK1/2 in DRG neurons causes a 50% reduction of the voltage-gated calcium current in these neurons (Fitzgerald and Dolphin, 1997; Fitzgerald, 2000) . Although the regulation of voltage-gated potassium conductances in DRG neurons is not well understood, pERK1/2 has been linked to a reduction in the A-type potassium channel current produced by K v 4.2 in dendrites of hippocampal neurons (Yuan et al., 2002) , an effect produced by direct phosphorylation of the channel (Adams et al., 2000) . Together with these previous results, the regulation of Na v 1.7 by pERK1/2 that we report in this study demonstrates an effect of pERK1/2 on three major voltagegated ion conductances in neurons, highlighting the acute pleiotropic effect on neuronal excitability of this class of MAPK.
Pro-nociceptive cytokines and neurotrophic factors activate MAPKs, which induce hyperexcitability of DRG sensory neurons (Schäfers et al., 2003; , and this effect has been linked to an increase in the current density of TTX-R sodium currents in these neurons (Jin and Gereau, 2006; Binshtok et al., 2008) . Activated p38 MAPK-mediated increase in the current density of Na v 1.8 TTX-R channel requires direct phosphorylation of the channel at two phosphoacceptor serine sites within L1 of the channel, and preventing phosphorylation of either site abrogates pp38 effect on Na v 1.8 (Hudmon et al., 2008) . Here we show modulation of the Na v 1.7 sodium channel by pERK1/2, which requires phosphorylation of four serine/threonine residues within L1. Unlike the modulation by pp38 of Na v 1.8, the complete abrogation of the pERK1/2 modulation of Na v 1.7 requires alanine substitution of at least three sites. Thus, although pp38 and pERK1/2 phosphorylate similar dipeptides (S/TP), different MAPKs may differentially modulate sodium channel isoforms that contribute to different aspects of DRG neuron excitability (Rush et al., 2007) .
The in vitro kinase assays have shown that T531, S535, and S608, but not S712, are phosphorylated by pERK1. It has been shown previously that pERK1/2 can phosphorylate multiple sites of Smad3 but with one preferred site (Matsuura et al., 2005) , whereas PKA phosphorylates L1 of Na v 1.2 at several serine/threonine residues with specific sites more efficiently phosphorylated compared with others (Cantrell and Catterall, 2001 ). However, individual substitution of phosphoacceptor sites in L1 of fulllength Na v 1.7 channel with alanine did not have a detectable effect on pERK1/2 modulation of the channel-gating properties. Interestingly, inclusion of S712A in the triple mutant incrementally reduced the phosphorylation signal, and inhibition of pERK1/2 had no effect on gating properties of the triple-mutant channel carrying S712A, suggesting a contribution of this residue to pERK1/2 modulation of Na v 1.7, despite the apparent lack of phosphorylation of this residue in the Intein-L1 fusion protein.
The further depolarization of V 1/2 of fast inactivation of the triple-mutant Na v 1.7 (3MUT1 and 3MUT2) compared with the double-mutant channels is analogous to the graded regulation of potassium channel gating and firing properties by multiple phosphorylations of the channel (Park et al., 2006) . The ERK1/2 phosphoacceptor sites within Na v 1.7 do not contribute to a recognizable sequence motif for protein-protein interaction. In contrast, the pp38 phosphorylation sites within Na v 1.6 (Wittmack et al., 2005) and Na v 1.8 (Hudmon et al., 2008) and the major pERK1/2 phosphoacceptor site within L1 of Ca v 2.2 (Martin et al., 2006) contribute to a PGSP motif that is the minimal motif for binding proteins with Src homology 3 domains (PXXP) or the type IV WW domain (PXpS/TP) (Zarrinpar and Lim, 2000) . Modulation of these three channels by activated MAPK produces reduced current density of Na v 1.6 (Wittmack et al., 2005) and increased current densities of Na v 1.8 (Hudmon et al., 2008) and Ca v 2.2 (Martin et al., 2006) . Thus, it is reasonable to suggest that pERK1/2 phosphorylation of Na v 1.7/L1 promotes a structural effect that regulates gating properties of Na v 1.7 rather than regulate binding of channel partners leading to altered trafficking or stability of the channel. Consistent with this view, PKA/ PKC phosphorylation of multiple sites within Na v 1.2/L1 promotes a structural effect that modulates slow inactivation of the channel (Chen et al., 2006) . However, unlike Na v 1.2, phosphorylation of multiple sites within L1 of Na v 1.7 regulates voltage dependence of activation and fast inactivation, with no effect on slow inactivation. Thus, different protein kinases modulate sodium channels in an isoform-dependent manner, even in the context of an apparent common action involving additional negative charges in L1 of the channels.
We have presented in this study evidence consistent with the direct phosphorylation of Na v 1.7 by pERK1/2 and for pERK1/2-induced hyperpolarization of activation and fast inactivation of Na v 1.7, a threshold channel in DRG neurons that amplifies weak stimuli (Cummins et al., 1998; Rush et al., 2007) . It has also been shown that pERK1/2 increases the current density of voltagegated calcium channels in DRG neurons (Fitzgerald, 2000 (Fitzgerald, , 2002 and reduces the A-type voltage-gated potassium currents produced by Kv4.2 in superficial dorsal horn neurons (Adams et al., 2000; Hu et al., 2003; Agthong et al., 2006) . Although the effect of pERK1/2 on voltage-gated potassium currents in DRG neurons is not known, it is not unreasonable to suggest that neurotrophic factors and proinflammatory cytokines acting through the ERK1/2 pathway can regulate DRG neuron firing by modulating multiple voltage-gated ion channels including Na v 1.7 and that modulation of voltage-gated ion channels, including Na v 1.7, by activated MAPK may provide a tractable therapeutic target for pain treatment.
